The phototrophic communities in meromictic, perennially ice-covered Lake A, on Ellesmere Island in the Canadian High Arctic, were characterized by pigment analysis using high performance liquid chromatography. Samples were taken to determine the vertical changes down the water column as well as a variation between years. These analyses showed that Lake A had distinct phototrophic communities in its oxic and anoxic layers. The pigment analyses indicated that phototrophic biomass in the upper, oxic waters was dominated by picocyanobacteria, while in the lower, anoxic layer photosynthetic green sulphur bacteria were dominant. Interannual variation in pigment concentrations was related to the penetration of photosynthetically active radiation in the water column, suggesting that light availability may be limiting the net accumulation of photosynthetic bacterial biomass in Lake A. Pigment analysis of the surface sediments indicated that deposition was dominated by the photosynthetic sulphur bacterial contribution. The sedimentary record of bacterial pigments in polar meromictic lakes offers a promising tool for the reconstruction of past changes in ice cover and therefore in climate.
Introduction
Polar ecosystems are highly susceptible to disturbance by environmental change (ACIA, 2005) . Climate models predict that warming over the next century will be amplified in the polar regions, with the most extreme temperature increases in spring and autumn (Anisimov et al., 2007; Turner et al., 2007) . As a result of their sensitivity to perturbation, Arctic lakes will likely experience substantial future changes in their ecosystem properties including ice cover, light conditions, hydrological regimes, seasonality, trophic status and biological community structure (Rouse et al., 1997; Anisimov et al., 2007; Vincent and Laybourn-Parry, 2008) .
The lakes of northwestern Ellesmere Island in the Canadian High Arctic are subject to pronounced annual extremes in their physical conditions, including temperature and photoperiod, that profoundly alter the conditions for lake biota. The severity of conditions in this region is comparable to polar desert sites in Antarctica such as the McMurdo Dry Valleys and the Vestfold Hills (Wharton et al., 1993; Gibson, 1999) , with thick, perennial ice covers, annual precipitation below 150 mm, year round surface water temperatures near the freezing point, and several months per year without sunlight. Accordingly, there are numerous analogies between lakes from northern Ellesmere Island and these Antarctic regions (Vincent et al., 2008a) . Meromictic lakes (i.e., lakes that are perennially stratified as a result of salt-dependent density gradients) have been identified from both polar regions, including several on northern Ellesmere Island (Hattersley-Smith et al., 1970; Pienitz et al., 2008 ) that formed after isostatic rebound caused the separation of fiord basins from the Arctic Ocean (Ludlam, 1996) . These lakes are characterized by the presence of ice cover through all or most of the year, which controls mixing regimes, the penetration of solar radiation, and maintenance of stratification, among other properties (Doran et al., 1996; Gibson, 1999; Belzile et al., 2001) . Presently, the ice thickness of northern Ellesmere Island lakes is on the order of 1.5e2 m, although nearby Ward Hunt Lake has an ice cover of w4 m (Antoniades et al., 2007) , and ice covers exceeding 5 m have been observed elsewhere on Ellesmere Island (Blake, 1989) . While ice is seasonal in the majority of Arctic lakes, and typical Ellesmere Island lakes are icecovered for over 10 months per year, several northern Ellesmere Island lakes including Lake A have perennial ice cover. It has, however, been hypothesized that even these lakes are now in transition to seasonal ice regimes due to climate warming (Van Hove et al., 2006) .
Past research in Lake A has focused on its geochemistry (Jeffries et al., 1984; Jeffries and Krouse, 1985; Gibson et al., 2002) , physical properties Van Hove et al., 2006) , biology , 2008 and, more recently, on modelling patterns of thermal stratification (Vincent et al., 2008b) and sedimentology in the lake basin (Tomkins et al., 2009) . This research has revealed that Lake A has a deepwater thermal maximum, both sharp and diffuse deepwater peaks in geochemical profiles, the presence of photosynthetic sulphur bacteria and the sedimentation of inorganic pyrite framboids. While Lake A has been more extensively studied than the large majority of polar lakes, many details of its biological and physical processes remain unknown.
Signature pigments from anaerobic photosynthetic bacteria have been applied in numerous paleoecological studies, including in polar lakes (Hodgson et al., 2004) . Although they have largely been used to reconstruct variability in past oxic status and productivity, these changes often have climatic implications. Okenone, a marker pigment for purple sulphur bacteria, has been used to infer periods of stratification and meromixis in temperate and high latitude sites (e.g., McIntosh, 1983; Guilizzoni et al., 1986; Schmidt el al., 1998; Anderson et al., 2008; McGowan et al., 2008) . Pigments from green sulphur bacteria, primarily isorenieratene, have been used to reconstruct past oxic and trophic characteristics in both marine and freshwater environments (McIntosh, 1983; Repeta, 1993; Mallorquí et al., 2005; Squier et al., 2005; Tani et al., 2009) . Transformation products of isorenieratene and okenone have been used in studies of the evolution of ocean oxygen content (Brocks and Pearson, 2005) , and have been identified from samples as old as the Paleoproterozoic . In Lake A, we tested the hypothesis that bacterial photopigments might be reflective of the degree of ice cover, given the ice-dominated character of the lake and the role of ice in determining light penetration . We further hypothesized that bacterial pigments preserved in the sediments might be developed as a new indicator of past ice cover in paleoecological reconstructions, a method that could then be applied in other ice-dominated meromictic lakes.
Our objectives, therefore, were to understand the phototrophic characteristics of Lake A's water column through high performance liquid chromatography (HPLC) examination of photosynthetic pigments, and to study the sedimentary deposition of photosynthetic pigments in order to evaluate the utility of this new application for the reconstruction of past ice cover and climate.
Materials and methods

Physical setting
Lake A is located along the northern coast of Ellesmere Island in Quttinirpaaq National Park (83 00 0 N, 75 30 0 W; Fig. 1 ). It lies approximately 4 m above sea level, with a maximum known depth of 128 m, a surface area of 4.9 km 2 , and a catchment of 37 km 2 (Jeffries et al., 1984; Van Hove et al., 2006) . Lake A is perennially ice-covered. Previous studies have shown that ice thickness was stable between 1969 and 1999, with early summer thickness measurements of w2 m (Hattersley-Smith et al., 1970; Jeffries and Krouse, 1985; Belzile et al., 2001) . Lake A's ice cover broke up during the warm summer of 2000, and our data indicate that ice thickness is now lower, with recent measurements of 1.5 m (May 2005) and 1.3 m (May 2006) . Snow depth on the lake surface was also relatively stable, with early season values ranging from 42 to 52 cm in the 1980s through 1999 Mueller et al., in press) , and measured snow covers of 60 cm in 2005 and 50 cm in 2006. Lake A is meromictic and, due to lack of mixing in the strongly stratified water column, the oxic layer and the anoxic monimolimnion have developed strikingly different characteristics. Oxic freshwater is present at the surface, with a gradual halocline present between 10 and w30 m, a sharp oxycline located at 10e16 m depth, and the anoxic monimolimnion below 16 m (Fig. 2) . Lake A has a complex thermal profile with a slight peak immediately below the ice cover, and an overall maximum of 8.45 C at 18 m (in 2006), below which the temperature drops gradually to 4 C at depth (Fig. 2) . The water in the surface oxic layer is oligotrophic, with surface concentrations in 1999 of 5 mg L À1 total phosphorus (TP), 118 mg L À1 total nitrogen (TN), and 0.32e0.52 mg L À1 Chl-a (Van Hove et al., 2006) . However, nutrient and ionic concentrations in the anoxic monimolimnion far exceed those found in the upper fresh waters (Gibson et al., 2002; Van Hove et al., 2006) .
Climate data from Lake A were recorded by a 3 m automated weather station that has been in operation since August 2004 as part of the SILA climate network of the Centre d'É tudes Nordiques. Climate normals from the w55 year record from Alert (w175 km to the east) indicate that daily mean temperatures exceed the melting point for only 2 months of the year (i.e., July ¼ 3.3 C, August ¼ 0.8 C), and the summer (JuneeJulyeAugust) mean temperature is 1.1 C (Environment Canada, 2008) . For the period 2004e2006, monthly mean temperatures were significantly correlated with those from Alert (n ¼ 29, r 2 ¼ 0.994, p < 0.0001), but values were, on average, 2.7 C below Alert. This suggests that overall trends in Lake A's climate prior to the 2004 opening of the Lake A weather station can be reasonably inferred from the Alert record. At Lake A, July was the only month for which mean air temperatures exceeded zero (1.4 C), and the summer (JuneeJulyeAugust) mean temperature was 0.2 C.
Water column and sediment sampling
Sampling for our study took place in late May 2005 and late Mayeearly June 2006. Profiles of salinity, temperature, dissolved oxygen, and pH in the Lake A water column were measured with an RBR XR-420 conductivity-temperature-depth probe and a Hydrolab Surveyor 3. Water samples for HPLC analyses were taken with a 6.2 L Kemmerer sampler and transferred to acid-washed opaque plastic containers. In 2005, water was sampled at 2 m intervals up to 10 m depth, and at 2.5 m intervals to 35 m (15 samples), while in 2006, samples were taken each 2 m until 16 m and then at 29 and 32 m (10 samples). Samples were filtered in the field using Whatman GF/F glass microfiber filters (nominal pore size 0.7 mm, to capture all phytoplankton size fractions) that were frozen immediately and subsequently transferred to a À80 C freezer until analysis. Sample sizes ranged from 0.2 to 1.5 L, with volumes below 1.5 L representing the maximum volume of water that could be passed through a single filter before it became clogged with particulate matter. Sediments were collected with a 68 mm diameter gravity corer (Aquatic Research Instruments, Hope, Idaho) from the anoxic bottom at approximately 50 m water depth. These sediments were stored cold and in the dark before and during transport to the laboratory, where they were kept at À80 C until analyzed. A 1 mm thick layer of sediment was removed with a microtome and prepared for photosynthetic pigment analysis.
HPLC pigment analysis
Phytoplankton pigments were extracted by sonication in 2 mL of 95% methanol, cleared by centrifugation, filtered with PTFE syringe filters (pore size 0.2 mm) and placed under argon. For extraction of sedimentary pigments, samples were freeze-dried and then extracted by sonication in 2 mL 100% acetone. Samples were placed under argon and left to complete the extraction in a freezer for 24 h before filtering following the same steps as for phytoplankton samples. Serial sediment extractions were prepared to verify that no pigments remained in the sediments after the original application of acetone.
Immediately after extraction, pigment extracts were injected into a Varian ProStar high performance liquid chromatography (HPLC) system equipped with a Symmetry C8 column (3.5 mm pore size), a photodiode array (PDA) and a programmable fluorescence detector, and analyzed using a reverse-phase technique. Phytoplankton pigment analyses followed the solvent protocol of Zapata et al. (2000) , while sedimentary pigment analyses followed the same method, but with a flow rate of 0.8 ml min À1 and a run time of 60 min to better separate the complex mixture of pigments and degradation products found in these samples. For all HPLC analyses, chlorophylls were detected by fluorescence (excitation, 440 nm; emission, 650 nm) and carotenoids by diode-array spectroscopy (350e750 nm) set to a slit width of 2 nm. Absorbance chromatograms were obtained at 450 nm for carotenoids and at 476 nm for bacteriochlorophylls. Standards for the identification and quantification of pigments were obtained from Sigma Inc. (St. Louis, MO, USA) (chlorophylls-a and -b, b,b-carotene) and DHI Water & Environment (Hør-sholm, Denmark) (chlorophyll-c2, canthaxanthin, diadinoxanthin, echinenone, fucoxanthin, lutein, myxoxanthophyll, violaxanthin, zeaxanthin) to calibrate our HPLC. Where pigment identifications could not be confirmed by commercial standards (i.e., bacteriochlorophyll-e, isorenieratene and b-isorenieratene), the identifications and quantifications were made by comparison with PDA spectra, retention times, and extinction coefficients from literature (Hurley and Watras, 1991; Borrego and Garcia-Gil, 1994; Jeffrey et al., 1997; Borrego et al., 1999; Airs et al., 2001; Hirabayashi et al., 2004; Mallorquí et al., 2005) . Concentrations of unidentified carotenoids were calculated using the extinction coefficient for b,b-carotene, while those of chlorophyll degradation products were calculated using our calibration coefficients for their respective undegraded chlorophylls. Sedimentary pigment concentrations are expressed relative to the organic matter content of sediment (i.e., mg g À1 OM) as determined by loss-on-ignition (LOI; Dean, 1974) .
PAR reaching the water column
Incoming photosynthetically active radiation (PAR) was measured hourly by our Lake A climate station. We summed the daily totals to calculate cumulative annual PAR up to the date of water column sampling. To then calculate the amount of PAR transmitted to the water column, we assumed the snow albedo and ice attenuation coefficients to be constant, and used the values measured by Belzile et al. (2001) 
Results
Properties of the water column
Profiles of the Lake A water column reflected the lack of mixing between the oxic freshwater and anoxic saline layers and, with minor exceptions, indicated stable conditions between 2005 and 2006. Salinity was low from 0 to 10 m and increased to levels approaching that of seawater at w30 m (Fig. 2a) . The temperature profile was complex, with a minimum immediately below the ice-water interface, stepwise changes in the oxic layer, and maxima of 8. 41 and 8.45 C at 18.35 and 18.04 m depth in 2005 and 2006, respectively (Fig. 2b) . pH varied little within the upper 10 m, beyond which it dropped sharply to a minimum between 12 and 13 m, rose again to a maximum at 29 m, and then dropped slightly in deeper waters (Fig. 2c) . The shift in pH between 2005 and 2006 almost certainly results from issues of pH meter calibration, rather than a shift of 0.5 pH units throughout the water column. Dissolved oxygen had a maximum immediately below the icewater interface, declined gradually until 10 m depth, and then sharply until the top of the anoxic monimolimnion (Fig. 2d) . The transition to anoxic conditions through the oxycline (10e15 m) was more gradual in 2006 than in 2005 (Fig. 2d ).
Pigments in the oxic zone
Pigment concentrations were low in the upper, oxygenated section of the water column (0e16 m, Figs. 3a and 4a). There were, however, notable differences between pigment concentrations in the 2 years sampled. Table 1 ). There were differences in the profiles and concentrations of each pigment between 2005 and 2006 samples. In 2005, only zeaxanthin and b,b-carotene were consistently identified from the oxic layer, as fucoxanthin and lutein were found in one and two samples, respectively. Echinenone was below detection limits at most depths, but present in low concentrations at 17.5 m. Carotenoid concentrations were typically higher in 2006, when b,b-carotene, zeaxanthin and fucoxanthin were present throughout the oxic zone, and lutein was identified at 2 m depth (Table 1) .
Pigments in the anoxic zone
Pigment assemblages in the anoxic bottom layer of Lake A were distinct from those in the oxic zone, and concentrations in the anoxic waters greatly exceeded those of the surface waters (Fig. 3) . The most concentrated pigment by far was bacteriochlorophyll-e (BChl-e). Fifteen homologs of BChl-e were identified from monimolimnion samples. All 15 were present in 2005 samples, of which 12 were identified in 2006. Numerous other unidentified pigments that were likely of bacterial origin were found in the anoxic strata of the water column. In addition to isorenieratene and b-isorenieratene, two pigments that were likely cisisomers of isorenieratene (Hopmans et al., 2005) and six unidentified carotenoids were present only in anoxic samples, including four whose concentrations were significantly correlated with those of isorenieratene (r ¼ 0.66e0.83, p ¼ <0.001e0.03, n ¼ 11). All ten bacterial carotenoids were present in 2005, while isorenieratene and b-isorenieratene were the only bacterial carotenoids present during 2006.
Several non-bacterial pigments also reached their maximum water column concentrations in the monimolimnion. The overall maxima of Chl-a and -b in the water column occurred between 25 and 30 m depth, while b,b-carotene had a broad maximum between 22.5 and 32.5 m. In addition, chlorophyll derivatives, including pheophytin-a, pyropheophytin-a, and chlorophyllidea all reached their maximum concentrations below 16 m depth (Table 1) .
Pigments in the sediments
The surface sediments of Lake A contained a complex pigment mixture, of which the majority were bacterial in origin (Table 1) . Pigments in the surface sediments of Lake Awere highly concentrated (i.e., total BChl-e concentration ¼ 789.2 mg g À1 OM; max. water column total BChl-e ¼ 10.2 mg L À1 ). Sixteen homologs of BChl-e were identified from the surface sediments, along with isorenieratene, b-isorenieratene, and one cisisomer of isorenieratene. The only pigments identified from the sediments that were of oxygenic origin were Chl-a, pheophytin-a, and b,b-carotene, as well as other chlorophyll degradation products, all of which were present in low concentrations (Table 1) .
PAR reaching the water column
The measured values of cumulative annual incoming PAR up to the date of sampling were 69,579 and 67,077 W m 
Discussion
Stability of the Lake A water column
The salinity profiles of Lake A were nearly identical in 2005 and 2006 (Fig. 2) . Salinity in Lake A has been largely stable over the last 50 years (Vincent et al., 2008b) , demonstrating the strong resistance to mixing in the water column produced by density stratification. However, during years of low ice cover, the oxic freshwater layer can become isohaline due to windinduced mixing that may reach the top of the halocline (Van Hove et al., 2006) . The general form of Lake A's thermal profile appears largely unchanged during recent decades, although temperatures in the oxic freshwater layer can also be affected by mixing events in low ice years (Van Hove et al., 2006) , 1970; Jeffries et al., 1984; Jeffries and Krouse, 1985; Ludlam, 1996; Van Hove et al., 2006) , and there were significant increases over time of the temperature (r 2 ¼ 0.61, p < 0.001) and depth (r 2 ¼ 0.55, p < 0.001) of the thermal maximum.
Absorption of solar radiation and the absence of windinduced mixing have been shown to permit the gradual accumulation of heat in Lake A during periods of stable perennial ice (Vincent et al., 2008b) . Pigment concentrations have been demonstrated to be a reliable proxy for algal biomass, although they may not be directly equivalent to biomass because of potential shifts in cellular pigment concentrations that can result from physiological adjustments (e.g., Veldhuis and Kraay, 1990; Schlüter et al., 2006) . Lake A pigment data indicated that, similar to trends in physical and chemical variables, patterns of phytoplankton biomass and community composition were stable in the monimolimnion and showed interannual variability in the oxic zone. Waters below Lake A's halocline are isolated from physical forcing such as turbulence and advection due to inflowing water, wind-induced mixing around the ice margins and the effect of air temperature, as well as chemical changes due to nutrient inputs or differences in the ionic content of melt water. These changes would, however, affect conditions in the oxic zone and likely play a role in the interannual variability of pigment concentrations that we observed ( Table 1) . The chemical conditions in the monimolimnion appear to be stable, with major annual variation limited only to the amount of in situ irradiance that fluctuates in response to changes in the thickness and optical properties of the ice and snow cover as well as variations in meteorological conditions. 
Dynamics of the oxic zone
The waters of the oxic zone had low concentrations of all pigments, reflecting the oligotrophic nature of Lake A. The relatively low diversity pigment assemblage may also be indicative of the exclusion of certain algal groups due to other water column characteristics, including lack of turbulence, low solar radiation, and cold temperatures. The relatively higher concentrations of chlorophylls recorded just below the ice likely reflect the immediate absorption by phytoplankton of the limited available solar radiation. Given that diatoms are largely absent from the water column of Lake A (Van Hove, 2005) and rare in its sediments (Antoniades, unpubl. data), it is likely that the Chl-c related pigments and fucoxanthin that reach their peak concentrations at the surface are derived from dinoflagellates or flagellated chrysophytes. The Chlb concentrations in the surface waters could result from communities of Chlorophyta, Prasinophyta or prochlorophyte cyanobacteria. Chlorophytes and prasinophytes are well known from Antarctic ice-covered meromictic lakes (e.g., Vincent, 1981) , however prochlorophytes tend to be typical of warm marine waters (Waleron et al., 2007) . Chl-b has been measured in high concentrations relative to Chl-a in lakes with thick perennial ice cover due to the increased densities of Chlorophyta in such low light environments (Morgan-Kiss et al., 2006) . The decrease in the ratio of Chl-b to Chl-a in 2006 vs. 2005 may therefore result from the increase in transmitted PAR between these years and an accompanying reduction of these Chlorophyta communities. Prasinoxanthin was not detected in Lake A, suggesting that prasinophytes were likely absent, although this carotenoid is absent in some prasinophyte groups that have pigment signatures resembling those of green algae (Latasa et al., 2004) .
Several lines of evidence suggest that picocyanobacteria represent a large proportion of phototrophic biomass stocks in the oxic layer of Lake A. Picocyanobacteria from the genus Synechococcus have been identified from Lake A using both epifluorescence microscopy and molecular techniques (Van Hove et al., 2008) , a diagnosis supported by the presence of zeaxanthin in the oxic zone (Table 1) . Synechococcus and Synechocystis populations have been observed in Antarctic meromictic lakes, sometimes in high concentrations (Powell et al., 2005) . However, despite a broad peak in picocyanobacterial abundance centred around 20 m depth in Lake A (Van Hove et al., 2008) , zeaxanthin in our study fell below the limits of detection in all but one sample below 16 m. Chl-a and zeaxanthin concentrations were correlated in the oxic layer (r ¼ 0.77, p ¼ 0.02), but uncorrelated in the anoxic layer, as zeaxanthin was largely absent and Chla was identified in every sample. As zeaxanthin is a marker pigment for Synechococcus, their correlation suggests that the majority of Chl-a in the oxic zone is derived from these picocyanobacteria. This pigment can also occur in Chlorophytes, although generally in the presence of the epoxidation products neoxanthin, violaxanthin and antheraxanthin, which were not detected in the present study. In 1999, the <2 mm fraction contributed an average of 62% of total Chl- (Fig. 5) . Our HPLC system has lower limits of detection for Chl-a than for zeaxanthin, which may partially explain the apparent absence of zeaxanthin in chlorophyll-containing waters. However, decreases in irradiance have also been shown to reduce the zeaxanthin:Chl-a ratio by up to five times (Kana et al., 1988; Schlüter et al., 2000 Schlüter et al., , 2006 . The decrease in zeaxanthin concentration and the corresponding shift in zeaxanthin:Chl-a ratios occurred at a depth where less than 0.05% of incident PAR remains and below a peak in light attenuation ). This decrease may thus reflect shifts in Synechococcus pigment production with reduced availability of solar radiation. This is further supported by the interannual differences in zeaxanthin:Chl-a ratios, given the estimated higher incident radiation at Lake A in 2006 relative to 2005.
Dynamics of the anoxic zone
The change in pigment assemblages across the oxycline reflected the shift toward anoxygenic photosynthesis in the monimolimnion. Chl-a and b,b-carotene reached their maximum overall concentrations in the anoxic waters at the base of the oxic freshwater layer. However, these higher concentrations likely consist of detrital pigments that settle from the water column above and accumulate at the pycnocline. This hypothesis is supported by the shift in the molar ratio of degradation products to undegraded chlorophylls across this horizon (i.e., 16e18 m, Fig. 5 ), as pigments are exposed longer to degradation when they accumulate due to the change in water density. In addition, the shift in this ratio suggests that most, if not all, of the in situ production of chlorophyll occurs in the upper 16 m of the water column.
BChl-e and b-isorenieratene, two pigments diagnostic of brown-coloured green sulphur bacteria (Overmann, 2008) , were the most highly concentrated chlorophyll and carotenoid, respectively, in the Lake A water column. Each was absent in the oxic strata and each reached its maximum concentration in the anoxic monimolimnion (i.e., BChl-e 10.24 mg L À1 , b-isorenieratene 0.53 mg L À1 ; Table 1 ). The maximum concentration of BChl-e exceeded that of Chl-a by a factor of 20, and b-isorenieratene exceeded zeaxanthin (the next most concentrated carotenoid in Lake A) by a factor of 2.5. While purple sulphur bacteria frequently occur in association with green sulphur bacteria in meromictic lakes (Pfennig, 1989) , we did not identify the characteristic pigments bacteriochlorophyll-a or okenone at any point in the water column or sediment to suggest that purple sulphur bacteria were present in Lake A. Extremely low light levels in the anoxic layer may preclude the existence of purple sulphur bacteria, as the green sulphur bacteria can survive at much lower light intensities (Overmann, 2008) . Okenone concentrations have also been observed to diminish during oligotrophic phases in some meromictic lakes (McIntosh, 1983) , and so the absence of okenone in Lake A may reflect its extremely low trophic status. The pigment assemblage at 22.5 m that lacked bacterial pigments was distinct from all other depths in the anoxic monimolimnion. Given the overall similarity of this sample to those from the oxic zone (i.e., the absence of bacterial pigments, the presence of algal pigments, and low total pigment concentration), it is likely that the sampling bottle closed accidentally while in the oxic portion of the water column.
Although green sulphur bacteria have been shown to produce different homologs of BChl-e under different irradiances (Borrego and Garcia-Gil, 1995) , individual homologs in our samples did not show directional vertical trends, with maximum concentrations of almost all bacterial pigments between 25 and 30 m depth (Table 1) . Hirabayashi et al. (2004) similarly showed that the cellular concentrations of numerous carotenoids in the green sulphur bacterium Chlorobium phaeobacteroides varied with changing irradiance, however our bacterial carotenoid concentrations again showed no linear trends, with pigments reaching maxima between 25 and 30 m. This may result from the very low irradiance at all levels of the water column, or because trends have been obscured by the vertical diffusion of pigments within the anoxic zone. Two calanoid copepod taxa identified from Lake A (Limnocalanus macrurus and Drepanopus bungei) were shown to live both adjacent to and within the anoxic layers of the water column . Moreover, adult populations of L. macrurus reached their maximum between 15 and 17.5 m, and D. bungei between 20 and 25 m , suggesting that zooplankton may be entering the anoxic layers of Lake A either in search of food or for refuge from predators. Zooplankton have been shown to dive into anoxic strata to graze on phototrophic bacteria in other meromictic lakes (Sorokin, 1999; van Gemerden and Mas, 1995) , and the dense layer of bacteria between 27.5 and 29 m in Lake A may therefore serve as a food source for these copepods. It is unlikely, however, that zooplankton enter the toxic, sulphide-bearing waters (Overmann, 2008) . H 2 S was present in measurable concentrations only below 32 m in the water column (Gibson et al., 2002) . This depth was just below the depth of peak in BChl-e concentrations, implying that the H 2 S is completely oxidized by the green sulphur bacteria communities, which thereby act as a barrier to H 2 S diffusion to depths higher in the anoxic water column (Gibson et al., 2002) .
The depth of the peak in bacterial pigments recurred at the same depth in the water column in both 2005 and 2006 (Fig. 4) . In 1999, the maximum occurred at the same depth (i.e., 27.5e30 m), however the peak appeared to be more diffuse, with a secondary peak centered around 50 m, and diminishing to near zero concentrations near 60 m depth (C. Belzile, unpubl. data) . The maximum concentration of the peak was higher in 2006 than 2005, and both were high relative to 1999. Lake A's thermal and geochemical profiles were largely unchanged between these years, and therefore these differences in peak characteristics are unlikely to be the result of turbulent mixing, and more likely represent interannual differences in photosynthetic bacterial growth and biomass accumulation. However, it is unclear whether analytical differences may account for part of this discrepancy, given that different methodologies were used to calculate bacteriochlorophyll concentrations in samples from 1999 (spectrophotometry of ethanol extracts) and 2005 .
Changes in the pH profile of Lake A coincided with community shifts in the water column. pH was stable near 8.2 throughout much of the oxic layer. A sharp decrease in pH began at 10 m, just above a peak of Crenarchaeota at 12 m depth where there was a high concentration of the archaeal ammonium monooxygenase (amoA) gene (Pouliot et al., 2009 ). This decrease in pH could therefore result from the liberation of protons during nitrification by archaea. Increases in pH began only below 15 m, the depth of the onset of anoxygenic photosynthesis, as inferred from the first occurrence in the water column of BChle. pH increased through a secondary peak at 29e30 m, below which it dropped slightly. This secondary pH peak likely represents the base of the zone of active bacterial photosynthesis, a hypothesis supported by the absence of sulphide above 32 m (Gibson et al., 2002) .
Light limitation in the water column
While cumulative incident PAR at Lake A decreased by 4% between 2005 and 2006, the amount of light transmitted to the water column actually rose by 31% due to the reduction of both snow depth and ice thickness during that time and the strong control of ice and snow cover on light attenuation. Although the albedo and transmissivity of the ice and snow may also vary on an interannual basis, our calculations provide a first order approximation of the magnitude of change in available PAR. Pigment concentrations in the water column also rose between 2005 and 2006, with increases in the oxic zone of 86% of mean Chl-a and over 300% of mean zeaxanthin, while in the anoxic zone, peak BChl-e concentrations increased from 10 to 86%. While nutrients and other factors likely also play a role in determining water column productivity, due to the lack of interaction between the fresh and saltwater layers of Lake A, light availability is likely the sole factor that varies simultaneously both above and below the oxycline. The corresponding increases in available PAR and pigment concentrations in both the oxic and anoxic layers of Lake A suggest that light penetration plays a strong role in limiting both algal and bacterial photosynthesis. The persistently higher nutrient concentrations present in the anoxic waters suggest that the photosynthetic bacteria are unable to exhaust completely these resources. The higher pigment concentrations that accompany greater light penetration (due to thinner ice cover) indicated that under higher light conditions, bacteria could increase their production per unit biomass and access the higher nutrient concentrations present at deeper points in the anoxic layer.
Bacterial pigments in lake sediment and their paleoecological implications in ice-covered lakes
The dominance of bacterial pigments in Lake A sediment reflected the high ratio in the water column of bacterial pigments to those from algal and cyanobacterial sources. Bacterial pigments may be more efficiently deposited in the sediments due to the extracellular deposition of elemental sulphur during the reduction of H 2 S (Overmann, 2008) . The relatively lower concentrations of Chl-a, zeaxanthin, and b,bcarotene in the sediments may also indicate increased degradation within the oxic zone prior to sedimentation and the longer distance for transportation of pigments to the sediments. Pigment degradation in the water column is dependent on site-specific characteristics such as depth and basin morphometry. Estimates suggest that in typical lakes over 90% of pigments are degraded in the water column (Leavitt, 1993; Guilizzoni and Lami, 2002) . While the anoxic conditions, low temperatures and extremely low irradiance in Lake A's water column may reduce decomposition rates, the relatively great depth and thus residence time of algal pigments in the water column (i.e., >100 m from the base of the oxic zone to the sediment surface at the lake's deepest point) could favour their degradation. Moreover, studies concerned with bacterial pigments have shown that they are often preferentially preserved due to the strictly anoxic nature of their depositional environment (Villanueva et al., 1994; Itoh et al., 2003) .
Bacterial pigments were highly concentrated in the surface sediments (Table 1) , and only one homolog of BChl-e was identified from the sediments that was not present between 15 and 35 m in the water column. This, combined with the lack of systematic increase of any BChl-e homolog either with depth in the water column or in the sediment relative to water samples, suggests that pigment decomposition within the anoxic monimolimnion is limited. Although there were several unidentified pigments in the sediments, none could be linked to aerobic pigments as degradation products (cf. Jeffrey et al., 1997) , and they were present at sufficiently low concentrations that it was impossible to obtain reproducible absorption spectra for conclusive identifications.
The relationship between incident radiation and bacterial phototrophic biomass, as measured by pigment concentrations, strongly implies that the communities of photosynthetic bacteria in Lake A are light limited. Light availability was also inferred to constrain bacterial photosynthesis in an ice-covered lake from Spitsbergen (Guilizzoni et al., 2006) . Due to high albedo and light attenuation, Belzile et al. (2001) calculated that in 1999 only 0.45% of incident PAR was transmitted through Lake A's ice and snow cover, which rose to w6% when the snow was removed. The importance of light availability in the water column is reinforced by the phototrophic maximum immediately below the ice surface, indicated by pigment concentrations and diversity, as well as by oxygen supersaturation. Moreover, only 0.03% of incident PAR reached the depth where phototrophic bacterial pigments appeared (16 m), and less than 0.003% arrived to the depth of peak concentrations of green sulphur bacteria at 27.5e29 m (Fig. 4 ; Belzile et al., 2001) . Peak bacterial concentrations did not occur at the top of the anoxic zone, which implied that resource limitation also played a role in controlling these communities, particularly the absence of H 2 S (cf. Gibson et al., 2002) . However, even small changes in ice and snow thickness have strong effects on the absolute amount of solar radiation reaching the bacterial plate, thus changing bacterial standing stocks over time. While changes in the penetration of UV radiation have been inferred from variations in sedimentary concentrations of pigments from benthic cyanobacteria Verleyen et al., 2005) , paleoecological inferences based on bacterial photopigments have been largely restricted to the occurrence of anoxic conditions and changes in stratification, and not applied to reconstructions of changes in the degree of ice cover.
Photosynthetic green sulphur bacteria communities are present in numerous ice-covered, polar lakes (e.g., Tominaga and Fukui, 1981; Burke and Burton, 1988; Squier et al., 2005) , and BChl-e and isorenieratene have been identified in the sediments of meromictic Ace Lake in Antarctica (Hopmans et al., 2005) . The favourable environment for pigment preservation in such lakes (i.e., low light penetration, low temperatures, bottom anoxia) implies that there is a considerable number of high latitude sites whose sediments contain well-preserved bacterial pigment archives (Hodgson et al., 2004) . While bacterial pigments in meromictic lakes can clearly be used to infer past anoxia, the particular characteristics of perennially icecovered lakes should permit additional paleoecological information to be extracted from their sedimentary records. Changes in ice thickness caused by climate warming and cooling alter the amount of PAR reaching photosynthetic bacterial communities, due primarily to the control exerted on light attenuation by the ice and snow cover. For example, the complete removal of Lake A's ice cover would increase the amount of PAR incident on the upper euphotic zone by a factor of more than 200. Given the demonstrated links between PAR penetration and bacterial biomass, sedimentary BChl-e concentrations should reflect bacterial production, mediated by ice cover, and therefore enable the reconstruction of contemporary ice conditions. Due to the control of climate on ice cover regimes, we therefore suggest that paleoecological reconstructions using bacterial photopigments such as BChl-e and isorenieratene may prove to be effective proxies for the reconstruction of past Arctic climates.
